Abstract-Thanks to its unique properties, such as isotropic magnetic and thermal properties and low eddy current loss, the soft magnetic composite (SMC) material is suitable for application in electrical machines, especially those with complex structures and three-dimensional (3D) magnetic fluxes. This paper presents the performance analysis of a three-stack permanent magnet (PM) claw pole motor with an SMC stator core. 3D finite element magnetic analysis and improved formulations are applied to accurately compute the motor parameters, such as the back electromotive force, incremental inductance, cogging torque, and core loss. An equivalent electrical circuit is derived to predict the motor's steady-state performance under a brushless DC control scheme. Because of the large winding inductance of this type of motors, the control of the output torque and speed can be difficult. To verify the motor controllability, a Matlab/Simulink-based simulation model is compiled to simulate the motor dynamic and steady-state performances. Experiments are conducted on the motor prototype, validating the theoretical computations and analyses.
I. INTRODUCTION
Compared to the laminated steels commonly used in electrical machines, the soft magnetic composite (SMC) material possesses a number of advantages, such as isotropic magnetic and thermal properties, low eddy current loss and relatively low total core loss at medium and higher frequencies, net-shape fabrication process with smooth surface and good finish (without need of any further machining), and prospect of very low cost mass production [1] . Therefore, SMC materials have a great potential for electrical machine applications, especially for those with complex topologies and three-dimensional (3D) magnetic fluxes, such as claw pole and transverse flux motors [2] .
Due to its powdered nature, SMC is naturally magnetically isotropic, and this creates key design benefits [3] . The magnetic circuits can now be designed with 3D flux paths, and different radical topologies can be exploited to achieve high motor performances, for the reason that the magnetic field does not have to be restricted in the two-dimensional (2D) plane of laminated steels.
To investigate the application potential of SMC, a three-stack permanent magnet (PM) claw pole motor with an SMC stator core has been developed by taking advantage of the unique properties of the material, as shown in Fig. 1 [4] . In this motor, the fluxes generated by the rotor PMs and the stator windings are 3D. For example, the flux produced by the PMs passes the air gap and flows into the stator claw poles via both the face and the side surfaces.
The three phases of the motor are stacked axially with an angular shift of 120 o electrical from each other. Each stator phase has a single coil (not shown in the figure for clarity) around an SMC core, which is molded in two halves. The outer rotor comprises a tube of mild steel with an array of magnets for each phase mounted on the inner surface. Mild steel is used for the rotor because the flux density in the yoke is almost constant.
The major dimensions include: 94 mm for the outside diameter, 93 mm for the active axial length, 1.0 mm for the main air gap, and 81 mm for the average diameter of the airgap, etc. The motor is designed to operate under a brushless DC control scheme, delivering a torque of 2.65 Nm at 1800 rpm. Due to the complicated structure, 3D numerical field analysis is required for accurate computation of the motor parameters. In this paper, the 3D magnetic field finite element analysis (FEA) is performed to calculate the key parameters, such as the winding flux, back electromotive force (emf), inductance and core losses. To predict the motor characteristics, an equivalent electrical circuit is derived under the optimal brushless DC control condition, i.e. the back emf is in phase with the stator current.
Generally, the claw pole machine has a large winding inductance, which may cause difficulty in the control of the output torque and speed. To verify the controllability of the motor, especially at high speed operation, a Matlab/Simulink-based model is complied to simulate the dynamic and steady-state performances. The experimental results on the motor prototype validate the theoretical analyses.
II. PARAMETER CALCULATION BY 3D FEA

A. 3D Magnetic Field FEA
By considering the detailed structure and dimensions of the motor and the non-linearity of ferromagnetic materials, the magnetic field FEA can accurately determine the magnetic field distribution and hence the parameters. Due to the almost magnetic independence and structural symmetry between stacks, only one pole region of one stack is needed for FEA, as illustrated in Fig. 2 . On the two radial boundary surfaces, the magnetic scalar potentials obey the half-periodical conditions as
where ∆θ = 18 o is the angle of one pole pitch. Fig. 3 illustrates the no-load magnetic flux density vectors produced by the rotor PMs. It can be seen that the major path of the PM flux is along one of the PMs − the main air gap − half of the SMC claw pole stator core disk − the stator yoke − another half of SMC claw pole stator core disk − main air gap − another PM and then − the mild steel rotor yoke to form a closed loop. The magnetic field in the armature is really complex and SMC is an ideal candidate as the core material. 
B. Back emf
The PM flux, defined as the flux linking a stator phase winding produced by the rotor PMs, can be obtained from the no-load magnetic field distribution (Fig. 3) . The flux waveform is calculated by rotating the rotor magnets for one pole pitch in 12 steps. As plotted in Fig. 4 , this flux waveform is almost perfectly sinusoidal versus the rotor position.
When the rotor rotates, the PM flux varies and an emf is induced in the stator winding. The emf frequency depends on the rotor speed, while its waveform is determined by the profile of the flux versus the rotor position. The emf constant is 0.2594 Vs/rad, by
where p=20 is the number of poles, N 1 =75 is the number of turns of a phase winding, and φ 1 the magnitude of the sinusoidal flux waveform.
C. Winding Inductances
The behavior of an electrical circuit is governed by the incremental inductance rather than the secant inductance [5] . In this paper, the phase winding incremental inductance of the claw pole motor is calculated by a modified incremental energy method [6] , which includes the following steps: (1) For a given rotor position θ, conduct a non-linear field analysis considering the saturation due to the PMs to find out the operating point of the motor, and save the incremental permeability in each element; (2) Set the remanence of PMs to zero, and conduct a linear field analysis with the saved permeabilities under a perturbed stator current excitation, ∆i; (3) Find out the co-energy; and (4) Calculate the self incremental inductance by
The mutual inductance between phase windings can be considered as zero due to the independent magnetic circuit of each stack. 
D. Core Losses
The core loss is caused not only by alternating but also by rotational magnetic fields, and should be properly considered in the motor design and performance analysis [7] . In this paper, an improved method is applied to predict the core losses in the 3D flux SMC motor [8] . Different formulations are used for core loss prediction with purely alternating, purely circular rotating, and elliptically rotating flux density vectors, respectively. A series of 3D FEAs are conducted to determine the flux density locus in each element when the rotor rotates.
It is found that the core loss increases almost linearly with respect to the rotor speed, due to the dominant hysteresis loss component in SMC. At the rated speed of 1800 rpm, the core loss is calculated as 58 W at no-load, and will increase by about 20% at the rated load due to the effect of armature current.
III. STEADY-STATE PERFORMANCE CALCULATION BY EQUIVALENT ELECTRIC CIRCUIT
When running in synchronous mode, the motor's steady-state performance can be predicted by the equivalent circuit model as shown in Fig. 6 , where E 1 is the induced stator emf, R 1 the stator winding resistance, ω 1 the angular frequency, and L 1 the synchronous inductance of the phase winding. The motor is assumed to operate in the optimum brushless DC mode, i.e. I 1 in phase with E 1 , so that the electromagnetic power and torque can be obtained by
where ω r is the rotor speed in rad/s, K T =mK E is the torque constant, and m=3 is the number of phases. The rms value of the back emf is determined by Figure 6 . Per-phase equivalent electrical circuit For a given terminal voltage, V 1 , the relationship between the rotor speed and electromagnetic torque is determined by
The output power, output torque, input power, and efficiency are calculated by mec Fe em out
( 1 1 ) where P Fe is the core loss, P mec the mechanical loss including windage and friction, and P cu the copper loss.
IV. PERFORMANCE ANALYSIS BY A MATLAB/SIMULINK-BASED SIMULATION MODEL
The large winding inductance of claw pole motors has effect on the rise rate of the stator current, which may cause difficulties in motor control and limit the motor output toqrue, especially when the motor operates at high speeds. In this paper, the output capacity, such as the maximum steady-state speed that the motor can reach for a given load torque and inverter voltage, is investigated by a Matlab/Simulink-based simulation model. The presented model can also be employed to simulate the dynamic characteristics, such as the curves of speed, current and torque during the start-up or transients when the load or power supply varies.
A. Modeling of Brushless DC Motor with Sinusoidal Waveform Back emf
For simplification, the phase winding inductance can be considered as a constant, e.g. the average value over a variation cycle. From Fig. 5 , the average self-inductance of a phase winding is L=4.9 mH. The mutual inductance between two phase windings is negligible, i.e. M=0. The voltage equations of the three phase windings can be written as where T L is the load torque, δ 0 the friction coefficient, and J the total inertia of the rotating parts. Assuming that the hard switching is applied, at the moment when phase a is positively excited and phase b is negatively excited, the following equations can be obtained:
B. Power Electronic Drive Circuit
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C. Performance Simulation
According to (12)-(18), a Matlab/Simulink-based simulation model is built as shown in Fig 8. The basic design requirement for the motor drive system is that for an output torque of 2.65 Nm, the steady-state speed can reach 1800 rpm when the applied voltage is V dc =165 VDC. By using the proposed model, the motor drive system is simulated under these conditions and some results are plotted in Figs. 9-11 , showing that the motor can meet the design requirements. SMC materials have a great application potential in electrical machines, particularly those with complex topologies and 3D fluxes. This paper presents the performance analysis of a three-stack PM claw pole motor with an SMC stator core by an equivalent electrical circuit and a Matlab/Simulink-based simulation model.
For accurate computation of the motor parameters, the 3D finite element magnetic field analysis is conducted. By the numerical analysis, the rotor position dependence of the back emf and inductance has been determined and can be considered in the simulation model for more accurate analysis.
The calculations and simulations have been validated by the experimental results on the claw pole SMC motor prototype.
